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The measurement of current and potential noise during corrosion generally requires two electrodes, cou-
pled by a zero resistance ammeter (ZRA), and a reference electrode. Statistical methods then enable esti-
mation of the noise resistance, if the electrodes are identical. In this work, a resistor is used instead of a
ZRA and, consequently, the electrodes potentials are partially decoupled. This enables evaluation of elec-
trode asymmetry and the reliability of the estimated noise resistance. Additionally, the simpliﬁcation of
the current-measuring circuit ensures that no instrumental noise due to active electronic components
within the ZRA is fed back to the corroding electrodes.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
When a metal electrode is immersed in a corrosive electrolyte,
anodic and cathodic reactions occur simultaneously on its surface.
Generally, the anodic reaction involves the oxidation of the metal
to metal ions, which are released into the environment, while the
cathodic reaction involves the reduction of species present in the
environment, such as molecular oxygen or hydrogen ions [1]. The
rate at which the anodic and cathodic reactions proceed can ﬂuctu-
ate with time but, overall, the rate of the anodic and cathodic reac-
tions are balanced, at open-circuit potential, in order to preserve
electroneutrality [2]. Generally, the rate of the anodic reaction in-
creases with increasing electrode potential, while the rate of the
cathodic reaction increases with decreasing electrode potential.
Consequently, the average corrosion potential represents the po-
tential at which the average rates of anodic and cathodic reaction
are balanced. However, if for example, a rapid increase of the anodic
reaction rate proceeds, some of the charge generated by metal oxi-
dation can be transiently stored in the capacitance that is generated
due to charge separation at the metal-solution interface, known as
the double-layer capacitance, before being consumed by the catho-
dic reaction on the electrode surface [3,4]. As a result, a ﬂuctuation
in the corrosion potential is observed; initially, the potential de-
creases rapidly due to the charging of the double layer capacitanceand, subsequently, it recovers as a result of the progressive con-
sumption of charge by the cathodic reaction [5]. The described pro-
cess is known as an anodic event, and a similar description can be
given for cathodic events. Depending on the material-environment
combination, anodic or cathodic events can be relatively large and
occasional, such as for a passive material suffering metastable pit-
ting, or relatively small and frequent, such as formaterials undergo-
ing active corrosion [6,7]. Consequently, larger potential and
current transients are observed in the ﬁrst case compared with
the second case. Thus, the corrosion type can be determined analyz-
ing the potential and current noise by statistical methods [8–10],
spectral analysis [6,8,10–12], by wavelet [13–16] and Hilbert
[17,18] transforms or others methods [19,20].
For two galvanically coupled electrodes comprising equal areas
of the same material, when one event occurs on the surface of one
electrode some charge associated with that event is consumed on
the same electrode and some charge is consumed on the other
electrode [3,21]. In this case, one-half of the charge generated on
one electrode is consumed on the same electrode, and one-half
of the charge is consumed on the other electrode [21]. If the gal-
vanic coupling between the two electrodes is realized with a
zero-resistance ammeter, the coupling current can be measured
simultaneously with the potential of the electrodes.
Thus, the process of electrochemical noise generation intrinsi-
cally originates from electrode asymmetry; at a particular time,
for example, the anodic activity on one electrode transiently ex-
ceeds the anodic activity of the other electrode, and a current ﬂow-
ing through the external circuit can be measured [21]. However, if
the electrochemical noise signal is acquired for a sufﬁciently long
time, on average, the two electrodes might be considered to behave
282 M. Curioni et al. / Corrosion Science 77 (2013) 281–291as identical (or closely similar), in the sense that, on average, the
duration and number of anodic and cathodic transients generated
by one electrode is identical (or closely similar) to the duration
and number of anodic and cathodic transients generated by the
other electrode. From the previous, it follows that two electrodes
can behave as identical on a long timescale, but they can be signif-
icantly asymmetrical on a shorter timescale. Except for some cases
such as coated electrodes or stainless steel electrodes, it has been
shown that, for two identical electrodes, and under the assump-
tions that (i) two identical electrodes have identical resistances
(impedances), (ii) a noiseless reference electrode is used tomeasure
the potential and (iii) the electrolyte is sufﬁciently conductive to
neglect the electrolyte resistance, the noise resistance (impedance),
deﬁned as the square root of the variance (power spectral density)
of the electrodes potential divided by the variance (power spectral
density) of the coupling current, provides a close estimation of the
polarization resistance (electrode impedance) [3,11,22–25].
Based on the previous consideration, the values of noise resis-
tance [3,22,24,26] or noise impedance [27–30], or their time evolu-
tion [31–34], have been used extensively to evaluate quantitatively
the behavior of corroding electrodes. Under the conditions where
the value of the noise resistance, or the low-frequency limit of the
noise impedance spectrum, can be considered representative of
the value of the polarization resistance, their values can be used to
estimate the corrosion rate fromthe Stern–Gearyequation [35], pro-
vided that Tafel coefﬁcientshavebeenpreviouslydetermined for the
speciﬁc material-environment combination. This results from the
unique advantage of electrochemical noise with respect to other
electrochemical techniques, where virtually no perturbation to the
corrosion process is introduced by the measurement. Direct (DC)
or alternating (AC) current electrochemical techniques rely on
imposing an electrical perturbation to the corroding electrode in or-
der to produce a response fromwhich information on the corrosion
process is obtained. Thus, inevitably, the Faradic current associated
with the applied signal affects the rate of anodic and/or cathodic
reactions on the electrode surface andmodiﬁes, to a different extent
depending on the technique selected, the equilibria that would be
attained on a freely-corroding electrode. On the contrary, electro-
chemical noise onlymeasures the ﬂuctuations in current and poten-
tial that are naturally generated under free-corrosion condition and
it is ideal for long term and real-time corrosion monitoring.
The validity of the estimation of the noise resistance, however,
relies on two a priori assumptions, namely (i) that nominally iden-
tical electrodes have identical impedances [29,36,37] and (ii) that
the noise produced by the external circuit used to measure the cur-
rent is signiﬁcantly less than the noise generated by the corroding
electrodes [38,39]. To some extent, the ﬁrst assumption can be ver-
iﬁed by considering various statistical parameters related to the
potential or current noise such as average values, skewness, and
correlation coefﬁcient [40,41]. The previous parameters might pro-
vide an indication of the symmetry between the two electrodes,
but their physical meaning is not straightforward and a unique cri-
terion to evaluate the reliability of the estimation of the noise
resistance by evaluating the asymmetry related parameter remains
the subject of debate. The second assumption is, in principle, easier
to verify by using an appropriate dummy cell for the evaluation of
the instrument noise [39]. However, the noise generated by the cir-
cuitry within the zero resistance ammeter depends also on the
electrode impedance [38,39] and, therefore, different dummy cells
with different impedances must be used to completely character-
ize the instrumental noise. Further, due to the intrinsic asymmetry
between the current-measuring circuit and the voltage-measuring
circuit, particular care must be taken during instrumental design in
order to minimize errors during the measurement. This is due to
the fact that, for a specimen on the centimeter scale, the relatively
small current ﬂuctuations (nanoamps to tens of microamps) occuracross the zero mean value, while the relatively small potential
ﬂuctuations (tenths of millivolts or tens of millivolts) are over-
lapped to a signiﬁcant DC bias (hundreds of millivolts).
In addition, from the point of view of the corrosion process, it
should be noted that the instrumental (current) noise generated
by the zero-resistance ammeter during the current measurement
is fed back to the corroding electrodes and there is the possibility
that this could affect the behavior of the system [42]. Finally, but
not less importantly, a non-ideal or non-perfectly calibrated ZRA
might also introduce a small bias between the two electrodes,
thereby affecting the corrosion process signiﬁcantly.
In thiswork, an alternative approach to themeasurement of elec-
trochemical noise is introduced. Speciﬁcally, the two corroding elec-
trodes are connected by a measuring resistor instead of a zero
resistance ammeter. The corrosionevents on each electrodeproduce
currentﬂuctuations,which result in a potential drop across themea-
suring resistor. Thus, the potentials of the two electrodes are not
identical. The two individual potentials can then be physicallymea-
suredbyusing twovoltmeters, individually connected to a reference
electrode (assumed noiseless) and to one of the two corroding elec-
trodes. Byusing this conﬁguration, theperturbationproducedby the
measurement on the corroding surface is due to the current ﬂowing
across the voltmeter from the reference electrode to the working
electrode, and it is generally negligible, due to the high impedance
of thevoltmeter. Further, andunlike for the case of themeasurement
by ZRA where the current ﬂows across the active electronics of the
instrument, if the voltmeter is not perfectly calibrated the value of
the readingmight not reﬂect exactly the electrode potential, but this
does not result in a perturbation to the corroding surface.
In summary, the measurement conﬁguration proposed here has
several advantages over the usual conﬁguration, including (i) the
possibility that noise generated by active electronics is fed back
to the corroding system is excluded, (ii) the current can be
calculated from the difference between the measured electrode
potentials (similar), avoiding asymmetry between the current-
measuring circuit and the voltage measuring circuit and (iii) due
to the non-identical potentials of the two electrodes, differences
in individual electrode behavior can be readily evaluated.2. Theory
2.1. Physical implications of connecting two electrodes by a measuring
resistor
Considering that a distinct advantage of the electrochemical
noise technique is that no perturbation is introduced to the corro-
sion process, the physical effect of connecting two corroding elec-
trodes by a measuring resistor must be examined initially (Fig. 1).
If a corroding electrode and a reference electrode are immersed in
an electrolyte, the corrosion potential can be measured without
introducing signiﬁcant perturbation to the corrosion process pro-
vided that the impedance of the voltmeter is high compared with
the impedance of the corroding electrode. If this assumption is ver-
iﬁed, the current ﬂowing between the reference electrode and the
corroding electrode is negligible, and the corrosion process is
unperturbed. Thus, all the charge associated with, for example,
an anodic event on the electrode is consumed by the cathodic reac-
tion on that electrode. If a second identical electrode and a second
reference electrode are immersed in the same electrolyte, each of
the two electrodes corrodes independently; all the charge gener-
ated by one event on one electrode is consumed on the same elec-
trode, and the corrosion potentials of the two electrodes are
uncorrelated. Thus, the introduction of a second disconnected elec-
trodes does not introduce a perturbation to the fundamental corro-
sion process on the ﬁrst electrode and viceversa (Fig. 1a).
Fig. 1. Experimental conﬁguration and qualitative analysis of the effects of an anodic event in the case of (a) two disconnected electrodes (Rm =1), (b) two electrodes short-
circuited, or connected through an ideal ZRA (Rm = 0) and (c) two electrodes connected through a measuring resistor (0 < Rm <1).
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by an inﬁnite resistance (Rm =1). On the other hand (Fig. 1b), if the
two electrodes are coupled by an ideal connector having zero resis-
tance, they will immediately attain identical potentials (perfectly
correlated) and behave as a single electrode of double the individ-
ual electrode area. If a corrosion event occurs on one electrode, one
half of the charge associated with that event will be consumed on
the same electrode [21] and one-half of the charge will be con-
sumed on the other electrode. Thus, considering that the electrode
area per se does not affect the fundamental corrosion process, the
operation of galvanic coupling (Rm = 0) can be considered as non-
perturbing. If a measuring resistor is used to perform the coupling
between the two electrodes, (0 < Rm <1), an intermediate situa-
tion is observed (Fig. 1c). Speciﬁcally, the potentials of the two
electrodes will only be partially correlated because a potential drop
across the measuring resistance, dependent on the current value, is
generated. It should be noted that the potential drop across the
measuring resistor is intrinsically different from the case of a po-
tential difference between electrodes deliberately introduced by
an active external circuit and does not introduce electrode asym-
metry. At any particular time, the potential difference betweentwo disconnected identical electrodes freely corroding in the same
electrolyte is due to statistical variations in the active anodic and
cathodic areas on each electrode that result in different (but simi-
lar) corrosion potentials. If a very high resistor is used to couple the
two electrodes, the potential difference between the two elec-
trodes will be slightly reduced compared to the case of discon-
nected electrodes and some current will start to ﬂuctuate
between the electrodes. Given the high value of the resistance, only
little current will ﬂow between the two electrodes and the effects
of the coupling on the corrosion of each individual electrode will be
minimal. If the value of the resistance is reduced, also the potential
difference between the two electrodes will be reduced and the
amount of current exchanged will be increased. As a limiting case,
the two electrodes can be short-circuited by connection with a
cable or a zero resistance ammeter, and will assume identical
potentials and exchange maximum current. None of the above
introduces either electrode asymmetry, preferential ﬂow of current
from one electrode to the other or a new external driving force for
corrosion on any of the electrodes. Depending on the value of the
resistor, the potential drop between the two electrodes can be
more or less substantial and affect where the charge generated
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of resistance, most of the charge generated by an event on one
electrode will be consumed on that electrode whereas, for low val-
ues of resistance, the charge provided by the other electrode will
approach one-half of the charge associated with the event. As a re-
sult, the effect of coupling one electrode to another electrode of
identical material and identical area through a resistor is equiva-
lent to coupling one electrode to another electrode of reduced area
through an ideal conductor. Overall, the fundamental corrosion
process is not affected by such a procedure.
2.2. Circuit analysis and calculation of noise resistances
The electrochemical setup and the equivalent circuit typically
used for the estimation of the noise resistance using a ZRA is pre-
sented in Fig. 2a. Here, each electrode is represented by a current
noise source, i1,2, in parallel with the electrode resistance, R1,2.
The current measured by the ZRA is I and the potential with respect
to a reference electrode (assumed noiseless) is V. The following
analysis is developed for electrode resistances and, in the present
form, it is strictly valid for systems where the noise impedance
spectrum is ﬂat and, consequently, the noise resistance approxi-
mate well the polarization resistance. The choice of considering
the values of noise resistance rather than the noise impedance
spectra has the practical advantage of simplifying the method to
obtain time-resolved information. Considering a long dataset, it
is possible to evaluate the time evolution of the value of noise
resistance by iteratively extracting potential and current segments,
computing their variances and calculating the value of the noise
resistance from Eqs. (12)–(16). If the noise resistance is unsuitable
to describe a particular system, the analysis presented here can be
readily extended to obtain a time-series of impedance spectra by
replacing resistances with impedances and variances with power
spectral densities in Eqs. (1)–(16) (the resulting equations are prac-
tically equivalent to those presented in Ref. [3]). However, given
the dependency of noise impedance on frequency, in order to apply
Eqs. (17)–(22), it would be necessary to consider the value of the
noise impedance at each particular frequency or, alternatively, its
average over a particular frequency range of interest. In most prac-
tical cases, the low-frequency limit of the impedance spectrum, or
the average of the values of the impedance modulus over a pre-de-
ﬁned low-frequency range would be more appropriate.
Fig. 2b presents the electrochemical setup and the equivalent
circuit for the measurement of electrochemical noise by an exter-
nal measuring resistor, Rm. Here, V1 and V2 are the corrosion poten-
tials of electrodes 1 and 2 respectively, measured with respect to aFig. 2. Equivalent circuits representing the two corroding electrodes and the
external measurement circuit; (a) traditional case employing a ZRA and (b)
proposed method using a measuring resistor (in both cases the solution resistance
has been neglected).noiseless reference electrode. It is evident that the current can be
calculated by either physically measuring the potential drop across
Rm or by physically measuring the potentials V1 and V2 and taking
their difference as the value of the potential drop across Rm. The
second method has the advantage that any asymmetry between
the circuit that measures potential and the circuit that measures
current is avoided.
For the traditional circuit, under the assumption of uncorrelated
noise sources, the analysis is well known [3] and only the expres-
sion of the noise resistance is reported here for the general case of
two electrodes (non-identical)
R2n ¼
r2ði1Þ½R1R22 þ r2ði2Þ½R1R22
r2ði1ÞR21 þ r2ði2ÞR22
ð1Þ
If the electrodes are assumed identical (R1 = R2), Eq. (1) reduces to
R2n ¼
2½r2ði1Þ þ r2ði2Þ½R14
2½r2ði1Þ þ r2ði2Þ½R12
¼ R21 ¼ R22 ð2Þ
Thus, in the usual case, if the two electrodes can be assumed to
have identical resistances, the noise resistance provides an estima-
tion of the electrode resistance.
If a measuring resistor is added to the external circuit, one value
of current and two electrode potentials are measured. The circuit of
Fig. 2b, can be analyzed by the superimposition theorem, as graph-
ically illustrated in Fig. 3. Thus, for the circuit of Fig. 3b, the current
ﬂowing across the measuring resistor is calculated by the usual
equation for a current divider:
I ¼ i1R1
R1 þ R2 þ Rm ð3Þ
Additionally, the potential V1 is given by the current source, i1,
acting on the parallel between the resistor R1 and R2 + Rm
V1 ¼ i1 R1R2 þ R1RmR1 þ R2 þ Rm ð4Þ
Finally, the potential V2 is given by the current I ﬂowing across
R2
V2 ¼ i1 R1R2R1 þ R2 þ Rm ð5Þ
An identical procedure can be followed to solve the circuit of
Fig. 3c. Thus, the overall current ﬂowing across Rm is
I ¼ i1R1 þ i2R2
R1 þ R2 þ Rm ð6ÞFig. 3. Graphical representation of the superimposition theorem for the equivalent
circuit representing two corroding electrodes connected through a resistor; (a)
complete equivalent circuit, (b) equivalent circuit with only i1 on and (c) equivalent
circuit with i2 on.
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respectively:
V1 ¼ i1 R1R2 þ R1RmR1 þ R2 þ Rm þ i2
R1R2
R1 þ R2 þ Rm ð7Þ
V2 ¼ i2 R1R2 þ R2RmR1 þ R2 þ Rm þ i1
R1R2
R1 þ R2 þ Rm ð8Þ
From the previous, under the assumption of uncorrelated noise
sources, the expressions of the variances can be calculated as
follows:
r2ðIÞ ¼ r2ði1Þ R1R1 þ R2 þ Rm
 2
þ r2ði2Þ R2R1 þ R2 þ Rm
 2
ð9Þ
r2ðV1Þ ¼ r2ði1Þ R1R2 þ R1RmR1 þ R2 þ Rm
 2
þ r2ði2Þ R1R2R1 þ R2 þ Rm
 2
ð10Þ
r2ðV2Þ ¼ r2ði2Þ R1R2 þ R2RmR1 þ R2 þ Rm
 2
þ r2ði1Þ R1R2R1 þ R2 þ Rm
 2
ð11Þ
Further, by dividing each potential variance by the current var-
iance, two apparent noise resistances are obtained
R2n;1 ¼
r2ði1Þ½R1R2 þ R1Rm2 þ r2ði2Þ½R1R22
r2ði1ÞR21 þ r2ði2ÞR22
ð12Þ
R2n;2 ¼
r2ði2Þ½R1R2 þ R2Rm2 þ r2ði1Þ½R1R22
r2ði1ÞR21 þ r2ði2ÞR22
ð13Þ
Under the (usual) assumption that nominally identical elec-
trodes have identical resistances (R1 = R2), it is useful to calculate
the expression of the arithmetic average of the square of the two
apparent noise resistances:
R2n;Ave¼
R2n;1þR2n;2
2
¼r
2ði1Þ½R21þR1Rm
2þr2ði2Þ½R21
2þr2ði2Þ½R21þR1Rm
2þr2ði1Þ½R21
2
2fr2ði1ÞR21þr2ði2ÞR21g
¼R21þR1Rmþ
1
2
R2m
ð14Þ
Thus, the resistance of the identical electrodes can be estimated
by solving the following equation
R21 þ R1Rm þ
1
2
R2m  R2n;Ave ¼ 0 ð15Þ
where R1 is now treated as the unknown, R
2
n;Ave is a known param-
eter that can be measured and physically depends both on R1 and
Rm, and Rm is the known value of the measuring resistor used. The
physically acceptable solution is given by
R1 ¼
Rm þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4R2n;Ave  R2m
q
2
ð16Þ
It should be noted that, although Rm appears explicitly in Eq.
(16), the actual value of the estimated R1 does not depend on the
Rm used because, for a given R1, the value of R
2
n;Ave is determined
by the value of Rm. This can be easily veriﬁed by inserting any
numerical values in Eqs. (12)–(16), provided that identical values
of R1 and R2 are used.
In summary, it can be concluded that the addition of an external
resistor does not introduce a perturbation to the fundamental cor-
roding system. By using this approach, two values of apparentnoise resistance, instead of one, can be extracted and, under the
assumption that nominally identical electrodes have the same
resistance, the noise resistance can be estimated. The difference
between the two apparent noise resistances provides an indication
of the electrode asymmetry and a qualitative validation of the
assumption of identical behavior. Further, by recording the current
using an external resistor rather than a zero-resistance ammeter,
the possibility that instrumental noise and DC biasing is fed back
to the corroding system is excluded.
2.3. Evaluation of electrode asymmetry
As previously discussed, the electrochemical noise signal is gen-
erated by an asymmetry of the electrode behavior on a short time-
scale (single events) but, on a longer timescale, two electrodes can
be considered to be practically identically noisy if, on average, the
intensity, number and frequency of anodic and cathodic events on
the two electrodes are closely similar.From the viewpoint of the
equivalent circuits (Fig. 2a and b), the two electrodes can be con-
sidered identical if, over a deﬁned timeframe, R1 is close to R2
and the variance of i1 is close to the variance of i2. It is worth noting
that under the usual assumption that R1 = R2, it follows from Eq.
(14) that even a strong asymmetry in the values of i1 and i2 does
not affect the value of the estimated noise resistances. On the other
hand, if R1– R2, then an asymmetry in the magnitude of the noise
sources might have signiﬁcant impact on the value of the esti-
mated noise resistance.In order to partially quantify electrode
asymmetry from the equivalent circuit viewpoint, it is useful to
evaluate the difference between Rn,1 and Rn,2 in the following two
cases; (i) when the magnitude of the noise source on one electrode
largely exceeds the magnitude of the noise source on the other
electrode, but the electrode resistances have comparable values
and (ii) when the resistance of one electrode largely exceeds the
resistance of the other electrode, but the noise sources have com-
parable values.In the ﬁrst case, it is assumed that r2(i1) r2(i2),
and R1  R2 ; therefore
Rn;1  Rn;2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2ði1Þ½R1R2 þ R1Rm2
r2ði1ÞR21
s

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2ði1Þ½R1R22
r2ði1ÞR21
s
 Rm ð17Þ
In the second case, R1 R2, r2(i1)–r2(i2) and Rm is comparable
to R1 and
Rn;1  Rn;2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2ði1Þ½R1Rm2
r2ði1ÞR21
s
 Rm ð18Þ
A similar argument can be applied in the opposite cases (r2(i2)
 r2(i1), or R2 R1), with the result being Rm in both cases.
Based on the previous, a parameter (S) related to the electrode
symmetry can be deﬁned as the difference between the apparent
noise resistances divided by the measuring resistor:
S ¼ Rn;1  Rn;2
Rm
ð19Þ
S provides information on electrode asymmetry and, in particular, if
r2(i1) r2(i2) and simultaneously R1  R2, or R1 R2 and simulta-
neously r2(i1)  r2(i2)
S ¼ Rn;1  Rn;2
Rm
! 1 ð20Þ
If r2(i1) r2(i2) or R1 R2
S ¼ Rn;1  Rn;2
Rm
! 1 ð21Þ
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S ¼ Rn;1  Rn;2
Rm
¼ 0 ð22Þ
Having clariﬁed the qualitative behavior of S in the above limiting
cases, it is useful to consider the values of S in intermediate cases,
i.e. when the resistance of the electrodes and the magnitude of
the noise sources vary independently and the assumptions behind
Eqs. (20) and (21) do not hold. Fig. 4 presents the calculated values
of S as a function of the logarithm of the ratio between the electrode
resistances and of the logarithm of the ratio of the standard devia-
tion of the noise sources. The Figure has been calculated for a value
of Rm of 10,000X, and constant values of R1 (10,000X) and r2(i1)
(1012 A2) by varying R2 and r2(i2) by one order of magnitude above
and below the values of R1 and r2(i1). In video 1, available as addi-
tional material, the effect of the variation of the relative magnitude
of R1 and Rm is disclosed. As it is evident, the variation of the mag-
nitude of the noise source has no effect on the values of S if R1 = Rm,
while a variation in the relative values of R1 and Rm has only little
effect on the shapes of the curves.
With reference to Fig. 4, in quadrants 1 and 2, the resistance of
electrode one signiﬁcantly exceeds the resistance of electrode two;
in quadrants 1 and 4, the magnitude of the noise source of elec-
trode one exceeds signiﬁcantly the magnitude of the noise source
of electrode two. In most practical cases, it is most likely that the
electrode that corrodes more has simultaneously a lower resis-
tance and produces more noise, thus quadrants 2 and 4 are proba-
bly representative of real corroding systems.
If the two electrodes are perfectly symmetrical (they have the
same resistance and the same magnitude of the noise sources),
the corroding system can be represented by point A (S = 0). If a va-
lue of S different from 0 is measured, then an asymmetry is inevi-
tably present in the corroding system for the timescale inspected.
For example, if a value of S = 0.6 is measured, the corroding system
can be represented by point B (electrode 2 more noisy and with
lower resistance compared with electrode 1, thus corroding prefer-
entially) or point C (electrode 1 more noisy and with lower resis-
tance compared with electrode 2, thus corroding preferentially)
or any other point in the B–C line in the second and fourth quad-
rant in Fig. 4. From the value of S, it is not possible to obtain direct
information on which electrode is corroding preferentially, but it
provides an indication of electrode asymmetry. Finally, it should
be noted that, while a value of the parameter S different from zero
undoubtedly indicates some electrode asymmetry, a zero value
does not guarantee that the electrodes behave perfectly symmetri-
cally as considered later.Fig. 4. Variation of S as a function of the logarithm of the ratio between value of the
individual noise resistances and of the individual noise sources, calculated for
R1 = 10,000X, Rm = 10,000X and r2(i1) = 1012 A2.3. Experimental validation
3.1. Comparison between electrochemical noise measurement by ZRA
and by measuring resistor
In order to validate the presented method, the circuit of Fig. 5
has been used. Here, the current is measured continuously by a
zero-resistance ammeter, simultaneously with the potential of
the two electrodes. A measuring resistor of 4.7 kX is used to couple
the specimens and a switch is added in parallel to the measuring
resistor. By using this conﬁguration, the noise resistance of the
two corroding electrodes can be evaluated alternatively with the
traditional method (when the switch is closed) or by the proposed
method (when the switch is open). The switch position was chan-
ged approximately every four hours. For the data acquisition, a
Concerto (Capcis-Intertek) multichannel potentiostat was used.
The Concerto multichannel potentiostat physically acquires the
potential or current signal at a nominal frequency of 5 Hz and re-
cords the data at 1 ± 0.05 Hz, by averaging 5 readings. Unreported
numerical simulations show that, for corroding systems that pro-
duce 1/F2 type noise, this sampling method does not introduce sig-
niﬁcant errors due to aliasing above the Nyquist frequency of the
recorded data (1 Hz). The corroding electrodes were made from
AA2024T3 aluminum alloy of exposed area of 4.5 cm2. The test
electrolyte was naturally aerated 3.5% NaCl. The data were ana-
lyzed by using the software ECN Analysis 1.0, implementing a pro-
cedure brieﬂy summarized as follows and described in detail in
and [31,32]: (i) a segment of 2048 points from the potential and
current noise record is extracted (t = 0), (ii) the variances of poten-
tial and current are calculated for the extracted segment, (iii) the
apparent noise resistance associated with that segment is calcu-
lated by taking the square root of the potential variance divided
by the current variance, (iv) the calculated value of apparent noise
resistance is assigned to the time corresponding to the ﬁrst point of
the extracted segment, (v) a new segment, displaced of 150 points
(1898 points of overlap between consequent segments), is ex-
tracted and operation ii–iv are repeated and (vi) operations ii–v
are repeated until the complete dataset is analyzed. Subsequently,
an in-house developed software was applied to the calculated
apparent noise resistance to implement the method described in
this work.
Fig. 6 presents the time evolution of the potential across the
measuring resistor (Fig. 6a), and the electrode potentials and the
coupling current (Fig. 6b and c, respectively). Evidently, when the
switch in parallel to the measuring resistor was closed, the poten-
tial difference across the resistor was approximately 0; conversely,
when the switch was open, the potential across the resistor was
proportional to the coupling current. The electrode potentials were
similar for the duration of the experiment and, generally, did notFig. 5. Equivalent circuit of the experimental setup used for validation; when
switch is closed the circuit reduces to the circuit of Fig. 2a, when switch is open the
circuit reduces to the circuit of Fig. 2b, enabling evaluation of electrode resistance
with both methods on the same specimens.
Fig. 6. (a) Potential across the measuring resistor (0 when switch closed, ﬂuctu-
ating when switch open), (b) electrodes potentials and (c) coupling current.
M. Curioni et al. / Corrosion Science 77 (2013) 281–291 287display particularly important spikes associated with the opening
or closing of the switch, except for the ﬁrst time when the switch
was opened. Similar considerations apply to the current that was
generally ﬂuctuating around 0 for the duration of the experiment.
Also, for the current, a signiﬁcant drop was observed only the ﬁrst
time that the switch was closed.
In Fig. 7, the time evolution of the apparent noise resistances is
presented. When the switch was closed (Rm = 0), the two values of
apparent noise resistances Rn1,2 were identical, as predicted by Eqs.
(12) and (13) for Rm = 0. Conversely, when the switch was opened
(Rm = 4.7 kX), the values of Rn1,2 were generally higher and the two0 5 10 15 20 25 30 35 40
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Fig. 7. Time evolution of the apparent noise resistances calculated from the data of
Fig. 6.apparent noise resistances were similar, but did not coincide
perfectly.
In order to estimate the electrode resistances by Eq. (16), the
average value between the two apparent noise resistances was ta-
ken, with the results of this procedure illustrated in Fig. 8. Here, the
noise resistance calculated with the traditional method (switch
closed, Rm = 0) is plotted in black, while the estimated noise resis-
tance calculated with the proposed method (switch open,
Rm = 4.7 kX) is plotted in gray. Satisfactory agreement between
the two methods is evident, although larger ﬂuctuations in the val-
ues of noise resistance are observed when the measuring resistor is
used.3.2. Inﬂuence of the value of the measuring resistor on the estimated
noise resistance
Based on the theoretical analysis, the value of the measuring
resistor, Rm, has no effect on the corrosion process and on the esti-
mated value of noise resistance. In order to validate this conclu-
sion, the experiment of Fig. 9 was performed. Speciﬁcally, a pair
of nominally identical specimens was initially coupled by a
4.7 kX resistor and their potential with respect to a saturated cal-
omel electrode was recorded by using a NI-USB 6009 analog-to-
digital converter. The electrochemical noise signal was recorded
using in-house developed software, acquiring at 1023 Hz segments
of 1000 points at each iteration. Between iterations, the 1000 val-
ues acquired were averaged to obtain a single value of potential,
subsequently saved to the ﬁle used for later processing. The ﬁnal
dataset comprised potential values spaced 1 ± 0.05 s in time. Under
the assumption that the noise present above 1023 Hz is negligible
compared with the noise present below 0.5 Hz, this procedure en-
ables an accurate recording of the potential noise in the frequen-
cies of interest, avoiding aliasing of frequencies between 0.5 and
1023 Hz and minimizing the 50 Hz interference from the mains
supply.
After 15 h, the coupling resistor was replaced with a 2 kX resis-
tor and a similar operation was performed after 20 h (10 kX) and
24 h (100 kX). The effect of using a higher value of coupling resis-
tance was an increase of the potential difference between the two
electrodes. Such increase in potential difference enables a more
accurate current estimation, because the signal-to-noise ratio in
the analog to digital converter is improved. However, the quality
of the current reading was satisfactory for all the resistances
tested. Concerning the value of the estimated noise resistance, it
did not appear to be dependent on the measuring resistor, as pre-
dicted by the theory; however, the ﬂuctuations in the estimated
value were higher when the measuring resistor was used insteadFig. 8. Values of noise resistance estimated with the traditional method (switch
closed, black line, ZRA) and with the proposed method (switch open, gray line, Rm).
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noise resistance obtained by varying the value of the measuring resistor.
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Fig. 10. (a) Current and potential noise and (b) apparent noise resistances and
parameter S for the experiment where one electrode is preferentially corroded due
to the addition of sodium hydroxide in one compartment.
288 M. Curioni et al. / Corrosion Science 77 (2013) 281–291of the ZRA to measure the current. Further, when the measuring
resistor method was used, ﬂuctuations in the value of the esti-
mated noise resistance where larger for the 100 kX resistor and
smaller for lower values of measuring resistors. The reason for
the ﬂuctuations are not analyzed in detail here, but they are likely
to be related to errors connected to electrode asymmetry, becom-
ing more signiﬁcant if the coupling resistor exceeds largely the va-
lue of the electrode resistances. This can be qualitatively
understood by considering Eqs. (14)–(16); when the value of the
measuring resistor is 0X (measurement by ZRA), Eq. (16) reduces
to the usual case, and a positive value of noise resistance is always
obtained, regardless of electrode asymmetry. Conversely, when the
value of the measuring resistor is high and the resistance of one
electrode is substantially different from the resistance of the other,
the simpliﬁcation introduced in Eq. (14) is not correct and the esti-
mated noise resistance can be a negative number. In intermediate
cases, when the measuring resistor is comparable with the resis-
tance of the electrodes and the electrode asymmetry is present
but not particularly severe, ﬂuctuations in the value of the esti-
mated noise resistance are observed.
In practice, if the value of the measuring resistor is similar to
the value of the resistance of the electrodes, the current exchanged
between the two corroding electrodes will be approximately one-
half of the current that would be exchanged if the electrodes were
connected by a zero resistance ammeter. This is evident from Fig. 3,
where the superimposition theorem is graphically illustrated.
When only one current source is considered (for example i1), the
measuring resistor and the resistance of electrode 2 are in series.
If the measuring resistor and the resistance of electrode 2 have
similar values, the current is approximately one-half of the current
that would ﬂow in the absence of a measuring resistor. A similar
argument applies when only i2 is considered. Thus, the selection
of a measuring resistor of value similar to the value of electrode
resistance appears to be an appropriate choice.3.3. Deliberately asymmetrical electrodes
In order to verify the effectiveness of the parameter S in evalu-
ating electrode asymmetry, an experiment introducing deliber-
ately asymmetrical electrodes was performed. An electrochemical
cell with two cylindrical compartments connected by a porous
glass frit (split cell) was used to enable the modiﬁcation of the
environment in one compartment without affecting the environ-
ment in the other compartment. As a result, the corrosion of one
of the two electrodes can be signiﬁcantly increased by, for exam-
ple, alkalinization or acidiﬁcation of the solution in its compart-
ment. The two compartments were ﬁlled with 3.5% NaCl solution
and one AA2024T3 electrode was immersed in each compartment.
The two electrodes were coupled by a 10 kX resistor, and the po-
tential of each electrode with respect to a single saturated calomel
electrode was acquired with a NI-USB 6009 analog-to-digital con-
verter. The electrochemical noise signal was acquired with the pro-
cedure described above. Simultaneously with the electrochemical
noise signal, images of the corroding surface were acquired at
150 s interval. After 4 h of immersion in 3.5% NaCl, 5 ml of 1 M
NaOH were introduced to one compartment of the cell, promoting
increased corrosion in that compartment (electrode 2 in Fig. 10 and
images a and c in Fig. 11). The video 2 in the additional material
displays the time evolution of potential, current, noise resistance,
parameter S and surface appearance of the electrodes during the
M. Curioni et al. / Corrosion Science 77 (2013) 281–291 289split cell experiment. Due to the difference in environments, the
hypothesis of identical resistances necessary to obtain Eq. (14) is
substantially violated and, as a result, the noise resistance calcu-
lated with the method presented here assumed negative values
after 5 h. Correspondingly, after 5 h, the parameter S approached 1.
Fig. 10 presents the potential and current time records recorded
during the experiment. Initially, the potentials were close to0.6 V
for both electrodes, and current ﬂuctuations across the 0 mean va-
lue were observed. After the addition of the sodium hydroxide in
one compartment of the cell, anodic dissolution was signiﬁcantly
accelerated on electrode 2 and vigorous hydrogen evolution was
initiated (Fig 11a and video 2). As a result, its potential decreased
rapidly to 1.2 V and, subsequently, partially recovered to
1.1 V. Due to the connection through the 10 kX resistor, the po-
tential of electrode 1 also experienced a drop to about 1 V.
Accordingly, an average current of about 20 microamps was re-
corded. Overlapped with the DC component, ﬂuctuations were re-
vealed. The plot of the apparent noise resistances showed very
similar values initially; after addition, for a brief period, Rn,2 ex-
ceeded Rn,1 and subsequently decreased to about 10 kX. After the
addition, Rn,1 was stable and close to 10 kX, a value similar to
the Rm (10 kX). Subsequently, uniform attack was observed on
the specimen immersed in the presence of sodium hydroxide, the
surface of which turned black as a consequence of the accumula-
tion of copper. On both specimens, hydrogen evolution was ob-
served, but it was more abundant on the specimen immersed in
the presence of sodium hydroxide.
Initially, the parameter S ﬂuctuated around the 0 value, but
after addition of sodium hydroxide it rapidly decreased to ap-
proach1 and, subsequently, changed sign, approaching 1. The lat-
ter value was approximately maintained for the duration of the
experiment.
The observed behavior can be rationalized by considering Fig. 4
andvideo2. Initially, the twoelectrodeswere relatively symmetricalFig. 11. Images of the corroding surfaces of the two electrodes during the split cell exper
1 h from the addition of sodium hydroxide (S  1). (a and c) electrode immersed in the
sodium hydroxide.and the value of S ﬂuctuated around the 0 value; following the addi-
tion of sodium hydroxide in one compartment, the electrode in that
compartment immediately become more noisy compared with the
electrode in the other compartments due to the onset of hydrogen
evolution on its surface. As the alkaline attack proceeded, copper
fromsecondphasematerial accumulated on the surface and the cor-
rosion attackbecamemore generalized. At this stage, the decrease in
electrode resistance became more important. Consequently, the
change in the sign of S can be rationalized considering that initially
the electrode asymmetrywasmainly due to a difference in the noise
levels between the two electrodes but, subsequently, the reduction
in electrode resistance due to alkalinization dominated. The ob-
served behavior can be qualitatively described by the trajectory
identiﬁed by the arrows in Fig. 4.
From the previous ﬁndings, it can be conﬁrmed that the param-
eter S is useful in estimating electrode asymmetry. Large values of
S necessarily indicate asymmetry between the two electrodes,
while a 0 value is not, per se, sufﬁcient to ensure that the elec-
trodes behave symmetrically. However, it should be noted that it
appears unlikely that signiﬁcantly dissimilar electrodes show very
low values of S for prolonged times.3.4. Image-assisted electrochemical noise analysis of nominally
identical electrodes
In order to evaluate asymmetry under practical conditions, elec-
trochemical noise data were acquired from two pairs of nominally
identical AA2024T3 electrodes connected in one case through a
4.7 kX resistor (experiment A) and, in the other case through a
10 kX resistor (experiment B), with the potential acquired by the
Ni-USB 6009, as described in Section 3.2. The values of the twomea-
suring resistors were selected to be of the same order of magnitude
as the resistance of the electrodes. During the electrochemical noiseiment: (a and b) shortly after addition of sodium hydroxide (S  1), (c and d) after
presence of sodium hydroxide and (b and d) electrode immersed in the absence of
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Fig. 12. Time evolution of the noise resistance (smoothed by 10 points adjacent
averaging) and of the value of the parameter S (smoothed by 100 points adjacent
averaging) for two nominally identical AA2024T3 electrodes coupled by a 4.7 kX
resistor (experiment A) and by a 10 kX resistor (experiment B).
290 M. Curioni et al. / Corrosion Science 77 (2013) 281–291measurement, images of the corroding surface were acquired at
10 min intervals.
Fig. 12 and video 3 display the time evolution of the noise resis-
tances and of the parameter S for both experiments (lines have
been smoothed in the ﬁgure compared to the video to improve
readability). The values of the estimated noise resistances are clo-
sely similar (conﬁrming that the value of the measuring resistor does
not affect the estimation of the noise resistance) but, interestingly,Fig. 13. Surface appearance of the AA2024T3 electrodes after immersthe ﬁrst pair of specimens showed a value of S displaced towards
negative values for most of the duration of the experiment, while
the second pair of nominally identical specimens displayed a
value of S less biased for most of the duration of the experiment.
Fig. 13 and video 3 display the images of the surface after 80 h of
immersion. It is evident for experiment A, that the specimen on
the right was signiﬁcantly more corroded than the specimen on
the left. Conversely, the corrosion on the specimens of experiment
B appeared more equally distributed over the two specimens. Scru-
tiny of video 3 provides further insight into the relationship be-
tween the electrochemical noise data and the corrosion process
occurring on the surface. It is evident for the experiment A
(4.7 kX measuring resistor) that corrosion was more intense on
the right specimen from a relatively early stage, as suggested by
the formation of dark regions on the right specimen after approx-
imately 15 h of immersion and by the larger number of clearly ac-
tive corrosion sites. This correlates with the time-evolution of the
parameter S, generally biased towards negative values approaching
1 for most of the duration of the experiment. Concerning exper-
iment B (10 kX measuring resistor), the value of S was less biased
for the ﬁrst 30 h of the experiment. At approximately 30 h, a signif-
icant increase to approach 1 was observed, and such an increase
could be related to the initiation and propagation of stable corro-
sion sites on the left specimen, as highlighted in video 3. Based
on the image assisted analysis for the system considered, it appears
that values of S between +0.5 and 0.5 are an indication of accept-
able electrode similarity and the estimated value of noise resis-
tance can be considered to be reliable. On the other hand, if the
value of S approaches 1 or 1 for a prolonged period of time, the
assumption of identical behavior between the two electrodes is
not veriﬁed, and the value of the estimated noise resistance is less
reliable and probably approaches the resistance of the electrode
that is corroding less.ion in 3.5% NaCl for 80 h (a) experiment A and (b) experiment B.
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An alternative to the use of a zero resistance ammeter for acquir-
ing the current during electrochemical noise measurement has
been presented. The method is based on the coupling of two nom-
inally identical electrodes by ameasuring resistor, and the potential
across the measuring resistor can be used to calculate the coupling
current. The physical implications of coupling two electrodes by a
measuring resistor have been discussed, suggesting that the opera-
tion does not introduce a perturbation to the corrosion process per
se. From the analysis of the relevant equivalent circuit, it has been
pointed out that with the proposed method two values of apparent
noise resistances can be obtained and the difference in such values,
normalized by the value of themeasuring resistor, provides an indi-
cation on the asymmetry of the electrodes. It has been shownmath-
ematically that, for identical electrodes, it is possible to estimate the
electrode resistance based on the values of apparent noise resis-
tance. The procedure has been experimentally validated and satis-
factory agreement with the usual approach that relies on the use of
a zero resistance ammeter was found. Importantly, the use of a
measuring resistor instead of a zero-resistance ammeter eliminates
the possibility that the noise produced by the active electronic
within the measuring system is fed back to the corroding elec-
trodes, thereby altering the corrosion process. Further, the pro-
posed method has the advantage of enabling the calculation of a
parameter S relating to electrode asymmetry. It has been demon-
strated that values of S approaching 1 are a strong indication of
electrode asymmetry; therefore, the reliability of the value of noise
resistance should be questioned in such cases.
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